A host of dietary factors can influence various cellular processes and thereby potentially influence overall cancer risk and tumor behavior. In many cases, these factors suppress cancer by stimulating programmed cell death. However, death not only can follow the well-characterized type I apoptotic pathway but also can proceed by nonapoptotic modes such as type II (macroautophagy-related) and type III (necrosis) or combinations thereof. In contrast to apoptosis, the induction of macroautophagy may contribute to either the survival or death of cells in response to a stressor. This review highlights current knowledge and gaps in our understanding of the interactions among bioactive food constituents, autophagy, and cancer. Whereas a variety of food components including vitamin D, selenium, curcumin, resveratrol, and genistein have been shown to stimulate autophagy vacuolization, it is often difficult to determine if this is a protumorigenic or antitumorigenic response. Additional studies are needed to examine dose and duration of exposures and tissue specificity in response to bioactive food components in transgenic and knockout models to resolve the physiologic implications of early changes in the autophagy process. (Cancer Epidemiol Biomarkers Prev 2008;17(7):1596 -610) 
Introduction
A wealth of evidence links diet habits and the accompanying nutritional status with cancer risk and tumor behavior (1) (2) (3) . Characterizing how essential and nonessential dietary constituents can modulate single or multiple hallmark processes of carcinogenesis (4) is fundamental to identifying more effective mechanisticbased strategies for cancer prevention and therapy. To date, numerous structurally diverse biologically active food components have been reported to interfere with intercellular and intracellular signaling pathways that may activate critical cellular proto-oncogenes or inactivate tumor suppressor genes (3, 4) . Consequently, these altered pathways can modify growth autonomy, proliferation, angiogenesis, and metastasis and dysregulate cellular processes. Furthermore, a host of dietary factors can stimulate programmed cell death (5) . In this regard, it is now apparent that the demise of cancer cells not only can follow the well-characterized type I apoptotic pathway but also can proceed by stimulation of nonapoptotic modes such as type II (macroautophagyrelated) and type III (necrosis) or combinations thereof (6) (7) (8) . However, in contrast to apoptosis, the induction of macroautophagy (hereafter referred to as autophagy) may contribute to either cell survival or death in response to a stressor. As described in more detail below, autophagy is a degradative process by which cytoplasmic constituents of cells are engulfed within a cytoplasmic vacuole and delivered to the lysosome for degradation. Paradoxically, depending on the circumstances, this process of ''self-consumption'' may be involved in both health and disease progression (9) (10) (11) (12) (13) . This review will highlight the current knowledge and gaps in our understanding about the ingestion of bioactive food constituents, autophagy, and cancer and will suggest issues and opportunities for future study.
Functions and Detection of Autophagy
In eukaryotic cells, two major strategies for protein degradation exist: the ubiquitin-proteasome system for disposal of short-lived proteins and the lysosomal system for degradation of intracellular and extracellular proteins. As a part of the lysosomal system, autophagy is an evolutionarily conserved cellular strategy to engulf and degrade long-lived cytosolic proteins and organelles to provide substrates for energy metabolism and to recycle amino acids, fatty acids, and nucleotides for the biosynthetic needs of the cell. Typically, these metabolic changes are constitutively active at low levels in cells and also may occur in the face of nutrient deprivation, growth factor withdrawal, or other stressors (14, 15) .
The initiation stage of autophagy involves formation of a double-membrane vacuole, the autophagosome, which nonselectively sequesters as cargo cytoplasmic proteins, mitochondria, endoplasmic reticulum, and ribosomes ( Fig. 1 ). These components, as well as endocytosed materials, are transported during the maturation stage of autophagy for eventual degradation by lysosomal hydrolases following fusion with the lysosome. The resulting degraded cargo components can then be returned to the cytoplasm by permeases in the lysosomal membrane for reuse. A similar process of ''self eating, '' Cancer Epidemiol Biomarkers Prev 2008;17 (7) . July 2008 referred to as chaperone-mediated autophagy, involves selectively delivering soluble cytosolic proteins that contain a chaperone-mediated autophagy targeting motif for incorporation into lysosomes (16) . In this case, a chaperone-cochaperone complex transports the specific substrate to the lysosomal membrane for translocation into the lysosome following binding to lysosomalassociated membrane protein 2A. A third process of self-cannibalization is microautophagy, whereby cytoplasmic constituents are engulfed by invaginations of the lysosomal membrane and subsequently degraded (17) . The engulfment of peroxisomes and mitochondria by autophagosomes for transport to lysosomal degradation is referred to as pexophagy and mitophagy, respectively.
Autophagy can serve a variety of functions. It is a means by which cells can respond to metabolic stress or adapt to changing environment. Thus, it is a basal housekeeping process present in most cells, sometimes referred to as a garbage disposal mechanism (18) . Its purpose is to dispose of defective organelles and macromolecular structures, as well as cytosolic components such as damaged and aggregate-prone proteins. It has cell-specific developmental functions such as elimination of the ribosomes and mitochondria from erythrocytes following removal of the nucleus. Autophagy also functions during initial postpartum survival of the neonate, normal tissue remodeling, embryogenesis, and counteracting age-related physiologic changes such as those due to oxidative stress. It can contribute during infections to presentation of foreign antigens for recognition by the immune system and to killing of bacteria ingested by cells. Furthermore, autophagy has been associated with development of pathologies such as neurodegenerative disease and carcinogenesis (10, 11, (19) (20) (21) (22) (23) (24) .
As a type of programmed cell death, autophagy is morphologically distinct from apoptosis and necrosis.
Autophagic cell death is identified by extensive inclusion of cytoplasm and organelles within autophagosomes and localization of microtubule-associated light chain 3 (LC3) protein into autophagosomal membranes. There is little, if any, caspase activation and DNA fragmentation, and the cytoskeleton initially remains intact. This is in contrast to apoptosis during which there is chromosome condensation, DNA fragmentation, usually caspase activation, and membrane rearrangement and blebbing. In apoptosis and autophagy, the remains of cells are disposed of by phagocytosis without an inflammatory response, in contrast to the massive cellular disintegration and subsequent inflammation accompanying necrotic programmed cell death (8, 12, 25) . Morphologic features of more than one type of cell death program can be observed in the same cell (25) (26) (27) (28) .
The occurrence of autophagy can be confirmed by several methodologies (17) . Foremost is the appearance of autophagic vacuoles. These vacuoles may be identified by transmission electron microscopy, which is considered one of the gold standards used to determine doublemembrane vacuole structures that engulf cytoplasmic components (such as endoplasmic reticulum and ribosomes) and organelles (such as mitochondria). Additional confirmation of autophagy can include immunohistochemical evidence (29) that there is punctuate localization of the LC3 protein within the membranes of the putative autophagic vacuoles. LC3 protein is normally dispersed diffusely throughout the cytoplasm in healthy cells and accumulates within the autophagosomal membrane in a form covalently linked to phosphatidylethanolamine during stimulation of autophagic vacuolization (30) . The degradation rate of long-lived proteins in response to a treatment may also be used as an indicator that autophagy is triggered (17, 31) . 
Induction and Regulation of Autophagy
The canonical up-regulator of autophagy is nutrient deprivation and starvation (32) . Thus, autophagy is sensitive to levels of nutrients such as amino acids and glucose; hormones such as insulin and glucagon; and growth factors and cytokines such as insulin-like growth factor I, TNFa, and interleukin-3 (33) . A coordinated response to nutrient (particularly amino acid) deprivation is regulated in mammals largely by cellular ''nutrient sensors,'' a major example of which is the target of rapamycin (TOR) kinase (Fig. 2) .
The mammalian TOR (mTOR) kinase is a repressor of autophagy and is an important controller of cell growth and proliferation. Therefore, it is not surprising that it is regulated by and communicates with multiple signaling pathways (34) (35) (36) (37) (38) (39) (40) . mTOR is known to be activated by the Akt/protein kinase B pathway. Total calories and the intake of fatty acids and amino acids have been reported to influence mTOR and Akt/protein kinase B expression or activity (34) . Akt has been identified as a protooncogene that is up-regulated in various cancers (35) . Its activation as an oncogene is often a consequence of mutational activation of class I phosphatidylinositol 3-kinase (PI3K) that catalyzes production of phosphatidylinositol 3,4,5-trisphosphate from phosphatidylinositol-4,5-bisphosphate. In contrast, PI3K activity can be opposed by the tumor suppressor phosphatase and tensin homologue deleted from chromosome 10, which dephosphorylates phosphatidylinositol 3,4,5-trisphosphate, subsequently decreasing Akt activity. The activating effect of Akt on mTOR activity is mediated by Akt kinase inhibitory phosphorylation of the tumor suppressor tuberous sclerosis complex 1/2. Tuberous sclerosis complex 1/2 acts as an inhibitor of mTOR and as a gateway by which other signaling pathways influence mTOR activity. Alternatively, the mTOR kinase can be activated by Akt independently of tuberous sclerosis complex 1/2 and can be regulated by mitogen-activated protein kinases. Recently, another mTOR complex (complex 2, mTORC2) has been characterized. This mTORC2 is rapamycin insensitive and activates Akt by phosphorylation at Ser 473 , thus contributing another route for regulation of autophagy (35, 36) .
Another sensor of cellular bioenergetics, specifically in response to energy depletion, is the AMP-activated protein kinase (AMPK). AMPK is an activator of tuberous sclerosis complex 1/2, which, as a suppressor of mTOR, increases autophagy. Decreased energy availability leading to an increased intracellular AMP/ATP ratio results in activation of AMPK, in part, via the upstream kinase activities of the tumor suppressor LKB1 and Ca 2+ /calmodulin kinase kinase h (41-44). AMPK has also been implicated in an ''energy checkpoint'' due to its role in phosphorylating p53 and inducing cell cycle arrest following energy deprivation (44) . There are newly identified cellular sensors of energetic status, such as PAS-kinase, which have not yet been evaluated for their contributions to regulation of autophagy (45) . A hypothesis particularly relevant to the growing tumor is that metabolic stress precipitates autophagy, especially when apoptosis is defective (10, 25, (46) (47) (48) (49) . This inability of a cancer cell to adapt efficiently to metabolic stress could be exploited by strategies that stimulate metabolic catastrophe and cell death (50, 51) .
There is also emerging evidence that other signal transduction pathways may regulate autophagy in a cellspecific manner. Such pathways include those associated with p53, Ras/mitogen-activated protein kinase/extracellular signal -regulated kinase (ERK) kinase (MEK)/ ERK1/2, RIP1 kinase, c-Jun NH 2 -terminal kinase, deathassociated protein kinase, and insulin-like growth factor I Figure 2 . Signaling events associated with induction of autophagy.
(52-64). Recently, in pancreatic cancer cells protein kinase Cy and transglutaminase 2 signaling have been reported to inhibit autophagy (65, 66) .
Thus nutrient status and metabolic stressors can influence the autophagic response via signaling networks that often, but not exclusively, converge at mTOR and that include both oncogene-and tumor suppressor gene -regulated intermediate steps.
The stressor-induced intracellular triggers that initiate and escalate the autophagy program have not been clearly identified (46, 58, 67) . Mitochondrial damage or membrane alterations of mitochondria and lysosomes have been suggested as initiators of autophagy, and recently there has been considerable interest in the role of endoplasmic reticulum stress as an early event (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) . Likewise, endoplasmic reticulum and cytosolic Ca 2+ homeostases, as well as the generation of reactive oxygen species (ROS), have been proposed as being necessary for the autophagic process to occur (16, (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) . For example, starvation-induced ROS occurring in Chinese hamster ovary cells act as signaling molecules that stimulate autophagy, in part, by posttranslational modification of redox-sensitive proteases (26, 80, 81) . Others, using a mouse L929 cell model, have provided evidence that selective autophagic degradation of the ROS scavenger catalase leads to accumulation of ROS, loss of plasma membrane integrity, and cell death (87) . Thus, ROS generation may contribute to an autophagic response through a variety of mechanisms.
Many of the genes controlling the formation of the autophagic vacuole and its delivery to the lysosome have been characterized in yeast (88) . A number of the homologous human autophagy (Atg) genes have been identified (10, 83) . For example, Atg8 or LC3 in mammals functions as a ubiquitin-like protein during the early stages of autophagosome formation. Several autophagy gene products have been identified as partnering with oncogenes and tumor suppressor genes in response to cellular stressors. The major example of this is the discovery that the complex that regulates formation of LC3 in the autophagosomal membrane is composed of the putative tumor suppressor and autophagy-related protein Beclin 1 (Atg6) and the class III PI3K (Vps34 kinase; ref. 89) . Beclin 1 was identified from a yeast twohybrid screen (90) as a novel Bcl-2 -interacting coil-coil protein, and the beclin 1 gene was subsequently mapped to a tumor susceptibility locus on human chromosome 17q21, which is monallelically deleted in 75% of ovarian cancers, 50% of breast cancers, and 40% of prostate cancers. Heterozygous disruption of the beclin 1 gene in mice is associated with accelerated development of hepatitis B virus -induced premalignant lesions, increased lymph, lung and liver malignancies, increased mammary gland proliferation, and decreased autophagy in vivo (91) (92) (93) . Furthermore, in addition to interacting with the antiapoptotic protein Bcl-2, Beclin 1 recently was found to bind to proteins that can regulate cell death decisions, including the tumor suppressor UVRAG as well as Ambra1 and Bif-1 (10, 24, (94) (95) (96) . It is likely that genes will continue to be identified that have multiple cellular functions, including those for autophagy regulation, as recently reported for the NAD-dependent deacetylase Sirt1 (97) .
Autophagy in Cancer Suppression and Cancer Survival
The role of autophagy in health and disease has been described as a double-edged sword (9) and as a Doctor Jekyll and Mr. Hyde phenomenon (13) because of its paradoxical and controversial involvement in both cell survival and cell death (Fig. 3) , either independently or in concert with apoptosis and/or necrosis. The orchestration of this ''dance'' toward either autophagy-associated survival or autophagy-associated death of cancer cells is dependent on the stage of carcinogenesis, the cell/tissue context, the molecular characteristics of the target cell, and the nature (as well the magnitude and the duration) of the stressor (98) . Autophagy and Cancer Survival. Autophagy as a means to maintain macromolecular synthesis and ATP production can be regarded as an important survival mechanism in normal and cancer cells. This may occur under a variety of conditions, such as when cells are limited in their supply of glucose and nutrients, when growth factor signaling is compromised, or when there is a precipitous increase in metabolic needs (10) . Its contribution as a survival strategy is particularly apparent in apoptotic-deficient cells that are deprived of a growth factor such as interleukin-3 (49) . As a survival strategy, it has even been proposed that a low level of autophagy might actually be needed for tumor initiation (25) . According to this concept, nascent clusters of transformed cells might use autophagy as a temporary survival strategy before recruitment of neovasculature. Solid tumors can take advantage of autophagy to survive when confronted with metabolic stress such as during hypoxic conditions due to poor vascularization. In fact, it has been hypothesized that overactivated Ras signaling, a characteristic of various cancers, may trigger autophagy as a survival tactic of cancer cells within the tumor interior until neoangiogenesis can deliver nutrient support (67) .
Additional evidence for the prosurvival activity of autophagy comes from studies in which Atg genes are knocked down and a subsequent improvement in other forms of programmed cell death is observed. For example, the silencing of autophagy genes such as beclin 1 or Atg5 has been reported to enhance starvation-or stress-induced apoptotic cell death in HeLa cells, suggesting that autophagy is delaying death mediated by other death strategies and that there is considerable cross talk between type I and type II cell death (99) . It should also be noted that autophagic removal of damaged organelles and proteins, such as those produced during oxidative-stress conditions, may be yet another protective strategy for cancer cells to avoid exacerbating DNA damage and consequent genomic instability (48) . In this regard, autophagy is also stimulated in tumors during exposure to ionizing radiation and chemotherapeutic agents (28, (100) (101) (102) (103) (104) (105) . Likewise, it has been suggested that autophagy can protect cancer cells from the fatal consequences of excessive necrosis and inflammation that follow the accumulation of cellular garbage (48, 106) .
Autophagy and Cancer Suppression. In contrast, there is evidence that autophagy is associated with cancer suppression (108) . Certainly, the excessive degradation of intracellular constituents is a self-limiting property of autophagy that may ultimately lead to cell death (102) . However, there is evidence that, perhaps under certain conditions, autophagy is acting fundamentally as a type II programmed cell death activity that is important for tumor suppression, rather than a protracted and overactivated cell survival response turned fatal. Defective apoptosis is an abnormal cellular condition in which the consequences of faulty autophagy can be particularly apparent. For example, silencing of autophagy genes by RNA interference in apoptoticdeficient cells treated with DNA-damaging agents blocked the expected cell death. Furthermore, the failure of autophagy in the context of defective apoptosis may create an environment favorable to impaired genomic integrity and the development of a mutator phenotype because of deficient clearance of damaged cellular macromolecules (18, 109, 110) . A consequence of inhibiting caspases necessary for functional apoptosis in L929 mouse fibroblasts is the selective degradation of catalase, accumulation of ROS, loss of plasma membrane integrity, and, ultimately, death associated with autophagy. These changes, however, were prevented by suppression of autophagy using chemical inhibitors of autophagy or knockdown of autophagy proteins (21, 56) . This response to caspase inhibition has not been reported to occur in other cells and needs to be explored.
Even in apoptosis-competent cells, autophagy can be an essential contributor to the demise of the cell (69, 111, 112) . In fact, overexpression of the autophagy gene Atg1 is sufficient to induce death in apoptosisproficient Drosophila (113). In addition, autophagy, via its capacity to increase cellular ATP production, has been reported to be necessary for the clearance of apoptotic cell corpses during embryonic development (114) . This requirement for autophagy genes in the process of engulfment of cell corpses is due to autophagydependent generation of ''eat-me'' and ''come-get-me'' signals (114, 115) . This is reminiscent of published reports describing how interference with either autophagy or apoptosis during in vitro human mammary acini formation can lead to luminal filling that resembles hyperplastic, precancerous breast lesions (51, 116) .
Additional evidence for a cancer suppressive function of autophagy comes from three chemically induced animal tumor models, including an Atg knockout mouse. Gozuacik and Kimchi (107) discuss early studies in a chemically induced liver cancer model whereby preneoplastic lesions and carcinomas of the liver exhibited lower autophagic activity compared with nonneoplastic liver counterparts. During conditions of nutrient stress, a variety of transformed cell lines exhibit lower protein degradation rates compared with nontransformed control cells (107) . One liver cancer scenario proposed by Schwarze and Seglen (117, 118) is that down-regulation of autophagy in preneoplastic hepatocytes provides a survival advantage by preventing excessive protein loss during nutrient starvation or fluctuations in nutrient levels and, thus, ensuring adequate cellular reserves for continued outgrowth during subsequent periods of neoplastic progression. In a chemically induced rodent pancreatic cancer model, Rez et al. (119) and Toth et al. (120) report that the autophagic capacity of preneoplastic lesions is higher compared with pancreatic lesions that become more malignant. In another tumor model in which Atg4 knockout mice were treated with the carcinogen methylcholanthrene, fibrosarcoma incidence is dramatically higher and latency much shorter compared with wild-type counterparts (121) . This was attributed to the lower capacity of these Atg4-null mice to launch a proper autophagic response to carcinogeninduced stress conditions.
In humans, a role for autophagy in tumorigenesis is suggested by the association of monoallelic loss of beclin 1 in cancers of the ovary, breast, and prostate (93) . Furthermore, autophagic structures and beclin-1 expression have been detected in a variety of surgically resected human tumor specimens (108, 122) . Collectively, these data provide evidence that autophagy indeed can function as a primary contributor to cancer suppression but may be especially important in response to specific stressors or under specific conditions, such as when apoptosis is compromised. These are issues that deserve to be more fully explored. Likewise, the role of autophagy during the temporal development of malignancy could be characterized in well-defined animal tumor models. Such information will be critical to collect before the design of strategies using the induction or suppression of autophagy for inhibiting carcinogenesis (123) .
Autophagy in Cancer Suppression and Survival: Possible Regulators. The cellular factors, genes, and signaling pathways that control whether autophagy contributes to cancer inhibition or survival and how autophagy interacts with other cell death programs are not clearly defined. One hypothesis is that the decision about whether autophagy contributes to survival or death is dependent on the rate or magnitude of autophagic degradation and the specificity of targeting of engulfed components (such as mitochondria and endoplasmic reticulum; ref. 47) . In light of the observation that prolonged cellular autophagy and substantial depletion of cell mass can be reversed on resupply of nutrients, it can be argued that autophagic cell death may not simply be a matter of crossing a quantitative threshold of self-digestion (10) .
Several signaling networks (46, 58) , some involving autophagy-related genes, have also been identified that can act as ''switches'' to regulate cell death decisions (Fig. 4) . It has been proposed that sphingolipid metabolism, and particularly the generation of specific ceramide and sphingosine metabolites, may play a central role in mediating the contribution of autophagy to cell death or survival. For example, exogenous, and presumably endogenous, C2-ceramide and C2-dihydroceramides are capable of inducing autophagy and cancer cell death (124, 125) . On the other hand, sphingosine-1-phosphate, often considered to be a tumor promoter, can also induce autophagy, but with a different outcome, namely cell survival (126) . Thus, a novel and intriguing model has been proposed in which sphingolipid metabolism serves as a ''rheostat'' system, with C2-ceramide promoting autophagy-associated cell death and sphingosine-1-phosphate triggering autophagy-associated cell survival (127) . The elucidation of these models and of the interconnections among all these different trigger events warrants further attention, especially in vivo.
The relative levels of Bcl-2 and Beclin-1 and their subsequent binding in cells have been suggested as another rheostat that determines whether oncogenesis is inhibited or stimulated (128, 129) . This Beclin 1-Bcl-2 interaction involves the participation of other genes such as the tumor suppressor UVRAG and likely additional autophagy genes and other Bcl-2 family proteins (95, 130, 131) . In Drosophila, Atg1 overexpression is sufficient not only to induce autophagy but also to kill apoptosisproficient cells (113) . The role of Atg1 in autophagy has now expanded to include participation in signaling pathways that control cell growth and modulate TOR activity (113, 132) . The cross talk between apoptosis and autophagy may be an important regulator of cell survival and cell death. For example, Atg5 has emerged as another autophagy-related protein that participates in cross talk with the apoptotic machinery. Atg5 originally was characterized as a binding partner with Atg12 in yeast, forming a complex that regulates the processing of LC3 (Atg8) and autophagosome formation. It was recently established that Atg5 can be cleaved by calpain, following a death stimulus, into a fragment that then promotes mitochondria-mediated apoptosis (133) (134) (135) . This apoptotic function of Atg5 is independent of autophagy. Whether these newly identified properties of Atg1 and Atg5 extend to mammals and affect tumorigenesis is unknown. These findings, however, underscore the growing recognition that autophagy can be an important, independent regulator of cell death, with a role in carcinogenesis that needs to be better characterized. The continuing discovery that dysregulation of other genes, such as c-Myc, Ras, phosphatase and tensin homologue deleted from chromosome 10 (PTEN), PI3K, Akt, and death-associated protein kinase (DAPK), It should be emphasized that it is too simplistic to view the decision of a cancer or normal cell to engage autophagy or apoptosis and thus engage cell survival or suicide pathways as a simple ''switch'' process. These two programmed cell death pathways share common upstream signals, which can lead, on one hand, to the concurrent occurrence of autophagy and apoptosis or, on the other hand, to mutually exclusive cell death responses (136) . Furthermore, it is now apparent that the promotion of cell death or survival depends additionally on input from other compensatory autophagic pathways such as chaperone-mediated autophagy that may be triggered when macroautophagy is compromised (137). Thus, cell type, the nature and magnitude of stressors, the intracellular triggers and signaling pathways activated, the metabolic status of the cell, the integrity of autophagic and apoptotic machinery, and the function of key oncogenes and tumor suppressor genes all likely contribute to this complex continuum of cellular responses of autophagy or apoptosis that govern cell death or survival (Fig. 4) . Several recent reviews provide insights into how these complex events may be integrated (58, 136, 138) .
Induction of Autophagy and Cancer Cell Death by Chemotherapeutic Drugs and Dietary Factors
Modulation of Autophagy by Drugs and Natural Products. Induction of cancer cell death by autophagy is recognized as a mechanism of cytotoxicity resulting from treatment with a variety of drugs and natural products. An example of this is the antiestrogen tamoxifen, a drug that is currently in use clinically not only for its therapeutic benefits but also as an important tool in breast cancer chemoprevention strategies. Tamoxifen at a dose of 1 Amol/L has been reported to induce autophagy in human MCF-7 breast cancer cells, a response that was necessary for irreversible cell death to occur (101, (139) (140) (141) (142) , although there is a recent report indicating a prosurvival action of autophagy in tamoxifen-treated cells (143) . Interestingly, tamoxifen-induced autophagic vacuolization seems to be mediated by sphingolipid metabolites, including ceramide (124). Arsenic trioxide (As 2 O 3 ) can stimulate autophagy-associated and apoptotic cell death in malignant glioma and leukemia cells, changes that are accompanied by up-regulation of Beclin 1 (144, 145) . The tyrosine kinase inhibitor imatinib (Gleevec), plant alkaloid voacamine, Chinese herbal diterpenoid oritonin, vitamin D analogue EB1089, and natural quinonoid plumbagin are examples of other structurally diverse cytotoxic cancer agents that work, in part, via induction of autophagic cell death (146) (147) (148) (149) (150) (151) . Perhaps the most well-known stimulator of autophagy is the drug rapamycin, the prototypical inhibitor of mTORC1. Rapamycin is now currently under active investigation for use in several cancer therapies (152) . DNA-damaging agents such as camptothecin, etoposide, and temolozamide can also stimulate autophagy; however, this induction of autophagy may actually play a role in delaying cell death and contributing to drug resistance (153, 154) . For example, in malignant glioma cell lines, temolozamide and etoposide produced autophagy-associated surges in ATP production that protected cells from mitotic catastrophe (153) . In addition, in MCF-7 breast cancer cells treated with camptothecin, both autophagy and apoptosis are stimulated. However, inhibition of the autophagy response to camptothecin by knockdown of Beclin 1 actually accelerated the latent apoptotic cascade that also is a camptothecin response. Interestingly, this autophagyassociated unmasking of apoptosis occurred only in noninvasive cell lines (154) . In addition, the synthetic derivative of retinoic acid, fenretinide, stimulated autophagy and death in breast cancer cells, whereas in malignant glioma cells fenretinide treatment provided an autophagy-associated survival advantage (155, 156) . Thus, manipulating autophagy may be a means to enhance therapeutic response to chemotherapeutic drugs, although the tumor-specific and malignancydependent sensitivity of such modulations needs to be better characterized.
Modulation of Autophagy by Dietary Factors
Caloric Restriction. The influence of diet-induced autophagy in cancer prevention is poorly understood. Considerable evidence obtained with yeast and metazoan cultures documents that both nutrient and growth factor deprivation are strong inducers of autophagy.
Such findings have sparked interest in exploring the importance of autophagy in mediating the antiaging and anticancer effects of dietary/caloric restriction (157).
In vitro data and a limited number of animal studies suggest that the mechanism by which caloric restriction may extend the life span is by stimulating autophagy along with reducing insulin and glucose levels and decreasing growth hormone-insulin-like growth factor-I axis signaling (157, 158) . In this regard, ketone bodies (such as h-hydroxybutyrate), which are elevated during prolonged starvation in humans, have been shown to induce autophagy (159) . This benefit from increased autophagy also may be due to the improved housekeeping function of lysosomal degradation in removing damaged organelles and cellular proteins following lifelong exposure to oxidative stress, inflammation, and other cellular stressors. In light of the recognition that diet/caloric restriction is a potent suppressor of carcinogenesis (160), the contributions of autophagy and related signaling pathways, such as mTOR (161) , to this cancerprotective effect need to be clarified. Nonnutrient Bioactive Constituents. Adding specific bioactive dietary constituents present in natural products to cell cultures can also induce autophagy, in addition to that classically observed following nutrient deprivation (Table 1) . Whereas these findings are intriguing, the relatively high concentrations used make the physiologic relevance unclear. Nonetheless, a remarkable variety of dietary constituents have been reported to stimulate autophagy, although subsequent effects on carcinogenesis are not necessarily uniform. The effects of these diverse compounds will be discussed based on structural classification. and a caspase-independent cell death that exhibited hallmarks of autophagy (punctuate localization of LC3) and was accompanied by inhibition of Akt activation and glucose uptake (162) . At doses of 25 and 50 Amol/L, again relatively high exposures compared with what occurs in humans eating considerable amounts of soy products, cytoplasmic vacuoles that stained positive for the autophagic marker monodansylcadaverine were detected. Natural prenylated flavones isolated from Artocarpus elasticus were antiproliferative toward both estrogen receptor -positive and estrogen receptornegative human breast cancer cells (163) . Likewise, prenylflavonoids from hop (Humulus lupulus L.) at doses of 100 to 200 Amol/L induced autophagic cell death in human prostate cancer cells (164) .The food polyphenol quercetin was shown to induce apoptosis and, at a dose of 20 Amol/L, to stimulate autophagic vacuolization specifically in Ha-Ras -transformed human Caco2 colon cancer cells. Quercetin also suppressed cell viability and anchorage-independent growth (165) . In contrast, Caco2 cells with wild-type Ras or transformed with Ki-Ras resisted quercetin-induced autophagic vacuolization. This report is noteworthy because, considered together with other reports of autophagy in transformed and nontransformed cells, it suggests that specific oncogeneassociated characteristics may enhance cellular sensitivity to autophagy (166) (167) (168) (169) (170) (171) (172) . Unquestionably, this proposal deserves further investigation. In hepatocytes, the flavonoid naringin at a dose of 100 Amol/L counteracted the autophagy-suppressive action of okadaic acid, possibly due, in part, to its effects on AMPK and protein phosphatase 2A (173, 174) .
The natural bioflavonoid resveratrol, which is present in grapes, nuts, and red wine, has been reported to induce both apoptosis and autophagy in cancer cell lines. For example, in lung cancer and salivary gland adenocarcinoma cell lines, resveratrol at doses of 50 to 100 Amol/L reversibly inhibited proliferation and induced autophagy. Furthermore, resveratrol induced the accumulation of the estrogen receptor coactivator PELP1 in autophagosomes, providing a link between the actions of estrogen receptor and autophagy (175) . In A2780 ovarian cancer cells, resveratrol exhibited antineoplastic activity and caused mitochondrial release of cytochrome c, apoptosome formation, and caspase activation. Yet, death in cells treated with resveratrol at a dose of 50 Amol/L was apoptosome and caspase independent and was accompanied by a pronounced formation of monodansylcadaverine-positive autophagocytic granules containing extensively degraded organelles (176) . It was subsequently determined in these cells that the mechanism for resveratrol-induced autophagocytosis involved inhibition of glucose uptake and glycolysis that was associated with down-regulation of phospho-Akt and mTOR (177) . Thus, the relative contribution of each pathway to resveratrol-induced cell death seemed to be dose dependent. Furthermore, the length of exposure to resveratrol may also determine its cytotoxic potential. For example, in human colorectal cancer cells, resveratrol at a dose of 100 Amol/L rapidly and reversibly stimulated autophagy as part of a prosurvival stress response. However, chronic exposure to this phytochemical ultimately led to autophagy-and caspase-dependent cell death (178) . In contrast, in other types of cancer cells such as U937 leukemia cells, resveratrol has been observed to induce only apoptosis (179) . The relative importance of autophagy and apoptosis in these cellspecific differences needs to be characterized not only for resveratrol but also for many bioactive food constituents.
Curcumin, a polyphenolic constituent of the spice turmeric, has been reported to have numerous anticancer actions. Curcumin treatment at a dose of 40 Amol/L stimulated G 2 -M arrest and nonapoptotic autophagic death in malignant glioma cells, phenomena that were associated with inhibition of the Akt/mTOR/p70S6 kinase pathway and activation of the ERK1/2 pathway (180, 181). Furthermore, there was evidence that curcumin was able to inhibit the growth of these malignant gliomas in vivo. Compared with tumors from control mice, tumors from curcumin-treated mice exhibited signs of autophagy as measured by substantially increased expression of LC-II.
Triterpenoids. Triterpenoids are compounds structurally related to steroids that are present in a variety of plants including ginseng, legumes, and oats. In human colon cancer cells, treatment with 100 ppm of triterpenoid B-group soyasaponins was reported to suppress proliferation and cause pronounced accumulation of autophagosomes (182) . Furthermore, the induction of autophagy by the saponins was not observed in nonneoplastic colon cells, however. This action of the triterpenoid soyasaponins was accompanied by inactivation of Akt kinase and was dependent on the activation of the MEK/ERK1/2 pathway (183). This requirement for ERK1/2 activation in the induction of autophagic cell death by curcumin and soyasaponin triterpenoids seems to be paradoxical because this mitogen-activated protein kinase has frequently been depicted as a stimulator of cell proliferation and tumorigenesis (184) . Yet, a similar requirement for Raf-1/MEK/ERK1/2 activity in the drug-and starvation-dependent induction of autophagy has been observed in human colon cancer cells. In this case, ERK1/2 activity was important in stimulating cross talk with trimeric G-proteins, specifically the GTPaseactivating activity of Ga-interacting protein (185) (186) (187) . Opposing actions of cancer-preventive dietary agents on ERK1/2 activity have been reported by others as well (188) and are likely to depend on the tissue context, intensity of stimulation, transient or sustained nature of the activation, and even intracellular localization of downstream effectors (189) . Another plant triterpenoid saponin, avicin D, at a dose of 2 Ag/mL triggered autophagic cell death in tumor cells, which was mediated, in part, by the activation of AMPK (190) .
Isothiocyanates. Isothiocyanates are a family of compounds derived from the hydrolysis of sulfur-containing glycosides in cruciferous plants. Sulforaphane (40 Amol/L), an isothiocyanate constituent of cruciferous vegetables, induced autophagy in human prostate cancer cells before the appearance of apoptosis (191) . Interestingly, the response to sulforaphane actually led to an inhibition of cytochrome c release, presumably due to sequestration of mitochondria in autophagosomes, and thus delayed the activation of the intrinsic caspase cascade and apoptosis. Such information suggests that induction of autophagy represented a cell survival mechanism against sulforaphane-induced apoptosis (191) . This proautophagic, antiapoptotic action of sulforaphane is similar to that observed when human colon cancer cells were exposed to the nonsteroidal anti-inflammatory drug sulindac sulfide (192) . In contrast to sulforaphane, the cruciferous vegetable constituent benzyl isothiocyanate at doses between 2.5 and 10 Amol/L suppressed proliferation of human breast cancer cells and caused cell cycle arrest at G 2 -M, caspase-dependent apoptosis, ROS formation, and accumulation of autophagosmes (193) . Nontransformed breast cells were more resistant to this cytotoxic effect of benzyl isothiocyanate. It was not determined whether benzyl isothiocyanate -induced autophagy inhibited apoptotic cell death in these breast cancer cells, as was observed for sulforaphane-treated prostate cancer cells (191) .
Nutrients
Vitamins and Trace Mineral Elements. In human astrocyte glial cells, incubation with vitamin C (ascorbate) at a dose of 100 Amol/L was able to maintain physiologic levels of this vitamin within the cells (f1-2 mmol/L) and stimulate autophagy, in part, by stabilizing the acidic intralysosomal pH and maximizing lysosomal hydrolase activity (194) . It will be of considerable interest to determine if this effect of vitamin C can suppress the growth of and induce autophagy in malignant counterparts of these glial cells. Ascorbate also was recently reported to inhibit non -small-cell lung cancer growth by caspase-independent apoptosis and autophagy and to synergistically enhance adenoviral vector -mediated transfer of the tumor suppressor gene 101F6 (195) . Non -small-cell lung cancer H1299 and H322 cells treated with ascorbate at doses of 500 and 250 Amol/L, respectively, exhibited significant accumulation of acidic vacuolar organelles and enhanced punctate LC3 localization, which was accompanied by increased intracellular H 2 O 2 production. Inhibition of the autophagic/lysosomal pathway in these non -small-cell lung cancer cells by 3-methyladenine actually resulted in greater cell viability, suggesting that ascorbate was acting to induce an autophagy-associated cell death.
Human SCC25 head and neck squamous carcinoma cells treated with 100 nmol/L 1,25 vitamin D 3 (but not retinoic acid) stimulated autophagic cell death, but only in cells deficient in expression of the cyclin-dependent kinase inhibitors p19 INK4D and p27 KIP1 (196) . In contrast, vitamin D 3 did not induce autophagy in U937 leukemia cells with knockdown of p19 INK4D , suggesting that this effect of p19 INK4D deficiency on autophagy induction is cancer cell specific.
Tocotrienols compose a collection of natural vitamin E compounds with reported anticancer actions. In activated rat pancreatic stellate cells, identified as the cell type responsible for pancreatic fibrosis, exposure to tocotrienols at a dose of 20 Amol/L resulted in apoptosis and autophagy, mitochondrial membrane depolarization, ROS formation, and mitophagy (197, 198) . It is noteworthy that this death-promoting action of tocotrienols was observed in these ''transformed'' activated stellate cells but not in their quiescent or terminally differentiated counterparts.
Vitamin K2 belongs to a group of structurally related fat-soluble compounds (menaquinones) present in plant and animal tissues and bacteria. Cholangiocellular carcinoma cells treated with vitamin K2 doses of 10 to 50 Amol/L evidenced profound accumulation of autophagic vacuoles and cell growth inhibition with limited evidence of apoptosis (199) . In contrast, vitamin K2 -treated HL-60 leukemia cells evidenced a stronger apoptotic response associated with blockage of cell growth. The reason for these cell-specific differences is unknown.
Recently, the dietary trace element selenium was reported to induce autophagy in malignant gliomas. Specifically, 7 Amol/L sodium selenite caused autophagic cell death that was preceded by superoxide-mediated (200) . It has been proposed that antioxidants collectively may share a common capacity to induce autophagy because vitamin E, catechin, and epigallocatechin-3-gallate also have been reported to trigger this type of programmed cell death (32) . However, cellular changes in other pathways may also be involved, and thus this generalization may be premature.
Fatty Acids and Metabolites. Adding 10 Amol/L 15-deoxy-D12,14-prostaglandin J2, a metabolite of dietary N-3 fatty acids, inhibited proliferation and induced autophagic cell death of prostate cancer cells, in part, by activating peroxisome proliferator -activated receptor g (201) . It was proposed, therefore, that modulation of 15-deoxy-D12,14-prostaglandin J2 by increasing the proportion of N-3 in the diet may be a prostate cancerpreventive or therapeutic strategy. Lastly, the short-chain fatty acid sodium butyrate, a product of microbial fermentation of soluble dietary fiber in the human colon and a histone deacetylase inhibitor, induced (at millimolar concentrations) both mitochondria-mediated apoptosis and caspase-independent autophagic cell death in human cervical cancer cells (202) . Although these concentrations can occur in the gastrointestinal tract, the physiologic relevance of these findings in the cervix needs to be clarified.
It is important to note that although autophagic vacuole formation has been reported to occur in response to various bioactive food constituents, the appearance of autophagosomes in itself does not necessarily indicate that cell death is occurring. The example of sulforaphane clearly underscores this point. Thus, studies examining the induction of autophagy in response to a dietary factor need to establish that autophagy is indeed contributing to cytotoxicity. Furthermore, to assess relevance to cancer prevention in humans, more physiologically relevant doses of dietary bioactive constituents should be evaluated in vitro . Moreover, agent-induced autophagy should be shown in vivo, as reported for curcumin by Aoki et al. (180) .
Issues in Measuring Autophagy and Future Research Opportunities
In light of the growing recognition that autophagy plays an important role in health and disease, there will be a continued interest in examining the effect of nutrients and bioactive dietary factors on the relationship between autophagy and cancer. Several issues need to be underscored about the measurement and ultimate role of autophagy in response to a cellular stressor. First, as previously stated, the appearance of autophagic vacuolization is not, in and of itself, evidence that autophagy is stimulated. Increased accumulation of autophagosomes may not only be the consequence of increased initiation of vacuoles but may also simply be a secondary outcome of failure or blockage of fusion of the autophagosome with the lysosome. This situation can be experimentally induced by treatment of cells with the drug bafilomycin A and actually can lead to impediment of delivery of vacuolar cargo to the lysosome for degradation by lysosomal hydrolases. This is also illustrated by the recent observation that the carcinogen lindane induced extensive vacuolization of Sertoli cells by disrupting autophagosome maturation into functional autolysosomes (203) . Establishing how the flux, in other words both autophagosome formation and its delivery to the lysosomal compartment, changes in response to a stimulus or stressor is important. In addition, establishing that the vacuoles observed in stressed cells are indeed autophagosomes is clearly essential. Transmission electron microscopy is considered one of the gold standards used to determine that double-membrane vacuole structures are formed, which engulf cytoplasmic components (such as endoplasmic reticulum and ribosomes) and organelles (such as mitochondria). It is recommended that transmission electron microscopy evidence be supported with additional immunohistochemical evidence that there is punctate localization of the LC3 protein within the membranes of these putative autophagic vacuoles (17, 29, 31) . In this regard, the construction of green fluorescent protein -tagged LC3 and its introduction into cells can considerably improve visualization of LC3 localization (204) . There are circumstances, however, in which caution needs to be exercised in the interpretation of LC3 localization (205) . Monitoring LC3 conversion from its parent form (LC3 I) to its lipidated LC3 II form (which accompanies autophagic vacuole formation) in cellular extracts by Western blotting can also be done, although some care must be exercised in the interpretation of the results (17, 206) .
Quantifying the degradation rate of long-lived proteins in response to a treatment has routinely been used as an indicator that autophagy has been triggered (17, 31) . Extensive guidelines for the use and interpretation of autophagy assays have recently been published by a consortium of autophagy researchers (207) . They emphasize that multiple assays be selected based on the specific experimental objectives and hypotheses to be examined. This should provide valuable assistance to scientists intending to show a relationship among dietary factors, autophagy, and carcinogenesis.
As discussed above, the appearance of autophagosomes is not always an indication of death because autophagic vacuolization can be an indicator of a survival or death strategy in stressed cells. Autophagy is reversible provided that the nucleus and mitochondria are intact. Thus, several procedures can be used, at least in vitro, to determine whether the autophagic response is associated with enhanced or suppressed cell killing. Decreases in cell viability may be determined by propidium iodide staining and should be confirmed by a clonogenic assay. Autophagy is known to be inhibited by the PI3K inhibitors wortmannin, LY294002, and 3-methyladenine. Therefore, whether autophagy is contributing to cell death or survival can be partly assessed by determining if death is accelerated or delayed following cotreatment with these autophagy inhibitors. Some care is needed in interpreting data from studies using 3-methyladenine because it is not solely an inhibitor of the autophagy-activating class III PI3K.
Furthermore, the involvement of autophagy in cell death can be confirmed by using strategies to silence or knock out genes essential for the formation of the autophagosome and then evaluating the subsequent propensity for cell death. Atg5, Atg7, and Beclin1 are examples of such genes that have been silenced in various studies (17) . However, it has been cautioned that more than a single autophagy gene needs to be knocked out or knocked down before a conclusive role of autophagy in specific cell death scenarios can be ascertained (136) . A detailed and thorough discussion has been published of experimental strategies that can be used to characterize the role of autophagy in cell death in vitro before undertaking the evaluation of its regulation in vivo (208) .
Despite numerous studies that have characterized the molecular mechanisms of autophagy in vitro, additional issues related to the physiologic relevance of autophagy and cancer deserve attention. There continues to be a considerable lack of physiologically relevant in vivo information on the role of autophagy in neoplastic development starting from the initiation of a normal cell and ultimately progressing to malignancy. Some insights into this issue have been provided (as mentioned above) by data from four tumor models: chemically induced rodent fibrosarcomas, liver tumors and pancreatic cancers, as well as Beclin 1 haploinsufficient mice. However, the relationship between autophagic capacity and stage of carcinogenesis for other common cancers has not yet been determined in preclinical models. As described above, the autophagydeficient beclin +/À mouse exhibited increased susceptibility to several neoplasms and preneoplastic conditions (91, 92) . This and other models with compromised Atg gene status can, therefore, provide an unusual opportunity to more conclusively study how dietary bioactive constituents modify autophagy in the context of in vivo carcinogenesis, particularly in comparison with their normal counterparts.
A list of mouse phenotypes resulting from mutations in autophagy genes has been described (10) . Furthermore, the generation of the green fluorescent protein-LC3 -expressing transgenic mouse allows investigators to characterize the in vivo effects of dietary agents and carcinogens on the stimulation and control of autophagy in a variety of tissues (204) . Clearly, further studies are needed to characterize in other established tumor models the role of autophagy in carcinogenesis both in specific target tissues and during multiple stages of tumor development including tumor angiogenesis (209) .
In this regard, there also are relatively few studies that have compared autophagic activity in normal or nonneoplastic cells with those that are neoplastic or malignant, especially in response to a variety of cancer inhibitory agents. Those reports describing the different protein degradation capacities of nontransformed and transformed cells are one example where this difference has been characterized (107) . Sensitivity to ROS-induced autophagy has been reported to differ between nontransformed and cancer cells (210, 211) . In addition, Ellington et al. (182) determined that normal human colon cells exhibited no induction of autophagy compared with the substantial induction observed in human colon cancer cells after treatment with triterpenoid soyasaponins.
Kuo et al. (151) reported that the drug plumbagin suppressed human breast cancer xenograft growth in mice without evidence of organ toxicities, although the induction of autophagy in noncancerous tissues was not reported. Differentiated human colon cancer cells exhibited decreased autophagy compared with their undifferentiated counterparts (212) . Recently, the effect of autophagy on cell survival during endoplasmic reticulum -induced stress was determined to be dependent on the transformation status of the cell (70) . On the other hand, the tyrosine kinase inhibitor imatinib induced autophagic vacuole formation effectively in both neoplastic and nonneoplastic cultures of neuronal cells (146) . These different sensitivities to autophagy induction in normal versus cancerous tissues and as a function of differentiation will be important to be more thoroughly characterized before dietary modulation of autophagy induction in cancer prevention strategies can be considered.
In summary, autophagy is a cellular response to multiple factors influencing cellular homeostasis, including therapeutic drugs and the presence or absence of food constituents. Undeniably, cancer researchers need to clarify what tips the balance of autophagy between prosurvival and prodeath responses (213) . Whereas data about bioactive food components are intriguing, the induction or suppression of autophagy as a modifier of carcinogenesis needs to be examined in terms of dose and duration of exposures both in vitro and in vivo. It is encouraging that the tools for these studies are increasingly available so that the molecular contributions of autophagy-related signaling pathways and the physiologic effect of autophagy on in vivo carcinogenesis can be examined.
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